Abstract-This paper investigates the application of nonimaging concentrators to the design of reflectors for
I.
Reflector profiles based on nonimaging optics have been previously applied to the design of reflectors for lighting [1] [2]. The reflectors are commonly known as compound parabolic concentrators (CPCs) and were originally considered for light collection. Prior research has generally characterized the efficiency and output distribution of these reflectors for simply curved diffuse sources 121131. However the studies generally lack an adequate interpretation of the expressions involved (which are stated in terms useful for solar collection) in terms appropriate for lighting. This rendition is important if practical lighting fixtures based on nonimaging concepts are to be developed that fully realize their energy saving potential. In this paper we give an interpretation of the concentration ratio with respect to the properties of a lamp and reflector. We then present some reflector profiles generated from the application of the concentration ratio and the edge ray method to modern full-size and compact fluorescent lamp systems. The paper concludes by citing additional methods based on nonimaging optics that can be undertaken to develop more useful and efficient reflector systems.
INTERPRETATION OF THE CONCENTRATION RATIO
The concentration ratio has been derived in [ll and used with the edge-ray method to develop CPC reflectors for lighting similar to those shown in Fig. 1 and Fig. 3 . The concentration ratio is a statement of the conservation of luminous flux and can be written in the following form:
2D: As sines = Ar siner 3D: Assin%, = Arsin2er
(1)
Light leaving any point on a surface area As within an angular cone defined by 8s can exit a given aperture area Ar within an angular cone er provided (1) is satisfied for two and three dimensions respectively. The edge ray method of reflector design examines rays that leave the source exactly at the maximum angle eS, reflect off the reflector once, and exit the reflector at the angle Or. Tracing a family of edge rays (each with a different starting point on the source) uniquely determines the reflector profile and ensures that rays emitted from the source with angles less than Os will exit the reflector (Fig. 1) .
For a diffusely emitting source such as a fluorescent lamp, Os is often taken as n/2. Or gives the maximum angular extent of a cone of rays leaving a point in the aperture. O r is also the "cutoff' angle of the reflector as it is the maximum angle relative to the optic axis of the reflector that light emitted from the source can be seen.
The expressions in (1) provide useful information for reflector-lamp systems that operate near this optic limit. For instance, if we specify the cutoff angle Or for a reflector design and specify the lamp to be used (which determines As and Os), then (1) yields the minimum aperture area (and diameter) the reflector must have if all rays emitted from the lamp are to exit the system within the desired angular range. Alternatively, if the aperture area of the CPC reflector is specified along with the type of lamp, then one can determine the smallest cutoff angle the optical system could effectively have without trapping rays inside the reflector.
Equation (1) also indicates an important relationship between a source's surface geometry and the luminous intensity distribution leaving a differential element on the source's surface in terms of reflector design. If the area-angle product for the reflector aperture decreases, then either the source area As or the source angle O s must decrease to conserve flux. For a spherical source with a fixed As, as O s approaches zero, rays will predominately leave the sphere normal to its surface. If those rays were traced back to an origin, it would appear as if the rays originated from a point or small surface area at the center of the sphere (Fig. 2a) . On the other hand, if we started with a point like source with a large Os, then observing rays leaving a large "imaginary" sphere surrounding the small source would give the impression that the rays were being emitted from this large sphere but at a smaller angle O s (Fig. 2b) . Thus, the justification for treating an extended object as a point source depends on the candlepower distribution of a surface element of the source being bounded within a tight cone about the surface normal or that the source
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Rays leaving normally from source appear to originate from a point.
Rays leaving tangentially from a source appear to leave an enclosing sphere almost normal to its surface r i = r ssines Geometrical relationship between a real and imaginary source. Rays leaving the real source within 8s can be considered to have left the smaller imaginary source tangentially. angle Os be much less than W2. If one cannot adequately consider the flux from an extended source as emanating from a point (or a line for ellipsoidal source shapes) then perhaps it can be considered as originating from a smaller, but finite, imaginary source. This technique of using a smaller effective source may significantly reduce the reflector's width and length as indicated in (1) and the equations that describe CPCs profiles 141.
CPC REFLECTORS FOR THE CYLINDRICAL FLUORESCENT LAMP
The 2D CPC for a tubular source can actually approach the maximum light transfer implied in the conservation expression because of the high degree of symmetry of the lamp. However the length of the reflector, which is porportional to A,/@, for progressively smaller cutoff angles, can become quite large and indeed approaches infinity for 8 r = 0". Therefore techniques must be considered to reduce its size to practical levels.
There are two methods to reduce the reflector size: truncation and minimizing the effective source size relative to the luminous and geometric characteristics of the actual lamp. Truncating the reflector at the aperture end is commonly used for solar energy collection because the economic benefits of reduced material costs overshadow the small losses in light collection. This trade-off is also relevant for lighting where smaller reflector size is critical even at the cost of small losses in task illumination or small increases in viewing angle. Hence the approach of shortening the reflector and using additional optical elements must eventually be addressed (see section V.) But before truncation is undertaken, one should explore the possibility of minimizing the size of the reflector with respect to the emitting properties of the source. Though it will be seen that the reductions are slight for fluorescent systems with a large cutoff angle, they may help the reflector size to fall within the practical limits for luminaire design while maintaining the high light transfer efficiency of the ideal CPC. We illustrate this technique for a simple cylindrical fluorescent system. If a reflector is specified to have a cutoff angle of 50" and house a T12 fluorescent lamp (which we assume for the moment has a O s = x/2) then the dimensions of the resulting CPC single lamp reflector will be 4.7 in depth and a 6.2 in aperture (Fig. 3 .) For luminaires intended for installation in restricted height ceiling plenums, these dimensions are generally too large to be practical. However for this reflector it was assumed that the value for O s is x12 i.e. fluorescent lamps are assumed to have an intensity distribution which drops off with the cosine of the angle with respect to the surface normal. This distribution may or may not be correct. Nevertheless for the sake of argument if we assume this type of distribution and wish to model a reflector that insures sending rays with only the highest intensities out of the system within the specified cutoff angle, then we could consider using a smaller effective source. For example, at a 8 s of x13 or 60" the ray intensity, normalized with respect to the maximum at Os = 0", will have dropped to .5. Therefore if we specify 8s = x13 for our cone boundary then rays with intensities of .5 or higher will lie within this cone. As shown in Fig. IC , rays that leave a circular source at angles less than x / 2 are equivalent to rays leaving a smaller imaginary source at x/2. The radius of this imaginary source ri is related to the radius of the true source by
where rs is the radius of the lamp (equal to .75 in for T12) and Os has its usual meaning. From this relation the imaginary source radius equals .65 in for the values given. Thus a CPC reflector modeled around a source with this "effective" lamp radius reduces the dimensions of the reflector to 4.1 in for the depth (A0.6 in) and 5.3 in for the aperture diameter (AO.8 in) (Fig.  3) . Though this did not lower the dimensions of the reflector to within practical levels for this example, it shows roughly the magnitude of the reduction one can expect for this technique. For small cutoff angles (e 35 degrees), the reductions in reflector size are more substantial.
Of course, the use of a newer, more compact fluorescent source, if available, also reduces the reflectors dimensions. If we modeled this 50" CPC with a T8 lamp instead of a T12 and used 8s = W2, then the effective depth and aperture diameter would be 3.2 in and 4.1 in. If we used Os = n/3, the reflector depth and diameter would become 2.7 in and 3.6 in, respectively, (Fig. 3) which is well within practical luminaire dimensions.
IV. MODELING PRACTICAL CPCS AROUND
COMPACT FLUORESCENT LAMPS CPC reflectors can be developed for compact fluorescent lamps (CFLs) by substituting an enclosing two dimensional curve or three dimensional surface for the actual lamp shape and assigning a O s to these imaginary surfaces (see Fig. 4 ). The immediate advantage of using these surrogate surfaces rather than the actual complex lamp shape is that the CPC profiles generated for these surfaces can be written in closed form 141. Moreover, we know from the previous section that all rays leaving the actual lamp surface can be considered to be emitted from the enclosing surrogate shapes at angles I x/2. As we will show presently, by judiciously selecting the surrogate surface, specific properties of the lamp and fixture (lamp nonuniformity and lamp positioning tolerances, for example) can be accommodated while simplifying the task of generating the actual reflector profile. In some cases, a surrogate surface that encloses only part of the lamp may be used to model CFLs. For example, we have found that the luminance of a 13W twin tube CFL is not uniform along the lamp. At 1.5 cm from the base the luminance is 60% lower than at the center portion of the lamp where it is primarily uniform. As one approaches the base the light output rapidly drops to zero. Also, as the lamp is operated, filament blackening at the lamp base further reduces the contribution of this portion of the lamp to the total lamp flux.
In this section, rather than detailing the To illustrate this, we approximate the twin tube lamp shown in Fig. 4 with either a 2D cylindrical ellipse, or a 3D ellipsoid. The 2D geometry suggests orienting the lamp horizontally in a troffer and the 3D suggests mounting the lamp vertically in a spinner. Fig. 4 shows these reflectors for a cutoff angle of 50". application of a smaller effective source, we extend our interpretation of (1) to determine mounting strategies for CFLs within a reflector. These strategies can allow for errors in lamp positioning and improve the thermal performance of CFLs.
4.2" -(A)
Crossectional view of a cylindrical ellipse enclosing a twin tube CFL.
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3.3"
(C) Crossectional view of CPC reflector troffer for a twin tube CFL. Fig. 4 . Modeling a twin tube CFL reflector using a2D cylindrical ellipse (A) and (C) and a 3D ellipsoid (B) and (D).
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The drawings approximate the relative shape of the reflectors for cutoff angles of 50° but are not to scale.
The depth of each reflector depends on the circumference or arc length of the curve used to approximate the lamp. Since the circumference of the 2D ellipse is smaller, the depth and relative diameter of the 2D system will be smaller than the 3D system for the same cutoff angle. For the cutoff angle used to design the reflectors shown in Fig. 4 , it is seen that vertical mounting of the CFL results in a large and unwieldy shape but that with horizontal mounting, the resultant reflector is of a more practical size.
Once the CFL's orientation and CPC profile have been specified, then the system can be further improved by appropriately "fine-tuning" the shape of the surrogate source. By appropriately selecting the surrogate source geometry, irregularities due to manufacturing tolerances in actual lamp positioning within the reflector can be easily accommodated. Specifically, if we model the CPC around a slightly larger effective source area than the actual source, then placing the actual lamp anywhere within this area will still satisfy (1). This technique allows the luminaire designer to handle slightly off axis lamp positions while still ensuring that the maximum flux will be transferred out of the luminaire. Studies we have performed using effective sources that are 1/4 in larger in the radial direction than the true source indicate that the efficiency and distribution are maintained for lamp displacements within 1/4 in in any direction relative to the center axis.
Adjusting the shape of the surrogate source is also useful for accommodating slightly off-horizontal lamp orientation, which, according to previous studies, can be intentionally introduced to significantly improve the lamp's thermal performance. These studies have shown that the light output for Quad and Twin tube CFLs can be increased by 15% if the lamp base (where the filaments are located) is angled 3" or higher relative to the lamp tip [5] . This new lamp orientation, and the resultant thermal efficiency gains are easily handled by designing the CPC around a slightly larger effective source. If we stretch an effective source area to encompass a lamp positioned with its tip slightly down, then the system will satisfy (1) and have improved thermal performance. For a 13W twin tube lamp (Fig. 4a) , this amounts to stretching the ellipse by 1/3 in to allow the lamp to be tilted 3".
V. APPLICATION OF A NONIMAGING LOUVER
So far this paper has not discussed the output distributions of CPC reflectors. For 2D CPCs modeled around diffuse sources the distribution has been found to vary as the cos38 where 8 measures the angle between a point on a task plane located below and relative to the optic axis of the reflector 161. Generally an even distribution across the plane is desired. Therefore an additional optical element may have to be considered, Also, we stated earlier in the paper that additional optical elements must be considered from the standpoint of reducing reflector length for narrow cutoff angles. At this point, in terms of nonimaging principles, one can break up the reflector opening into a sum of smaller areas and look at how each area contributes to the light distribution on the task plane. Ideally, from this analysis we can determine how each elemental area of flux might be redirected to give a desired distribution. In actuality we can redirect the light by introducing an additional degree of freedom into the design using a CPC louver as in Fig. 5 . Each elemental reflector area may be related to a segment of the task (subscript t) as indicated. For this type of analysis, the angular relationship between the lamp and the reflector-louver opening should be reevaluated. A nonimaging prismatic lens could alternatively be considered 
VI. ENDING STATEMENT
By elegantly relating important reflector characteristics such as the cutoff angle, depth and diameter to the fundamental attributes of source --.
size, surface area, and luminous output--the equations underlying nonimaging reflectors offer a useful first approach to luminaire design. Two major concerns with CPC reflectors are their large size and non uniform output distribution. However, with an adequate understanding of (11, CPC reflectors for lighting can begin to be methodically improved in terms of their size and output while maintaining the high efficiency inherent in the design. We have shown that by using thinner diameter (T8) fluorescent lamps, nonimaging reflectors can be designed that are significantly closer to practical size constraints for commercial luminaires than with the thicker diameter T12 lamps.
To effectively design a CFL reflector based on nonimaging optics, one must know the actual intensity distribution of a small source element as well as the relative output of this element with respect to the rest of the lamp. Once the luminous characteristics of the CFL are known, then a more exacting elliptical surface area can be applied around the lamp contour. This ellipse could be shortened to account for the characteristically low relative light output at the lamp base. At the same time, the ellipse could be widened to allow the reflector (designed relative to this ellipse) to tolerate slight positioning errors of the CFL within the reflector and optimize the thermal performance of the CFL relative to its orientation.
Although we have demonstrated several approaches for developing more practical reflectors, the methods were based on rather limited information of the actual luminous properties of fluorescent sources. For example, a simple calculation shows that the glass bulb's thickness and index of refraction will prevent light generated from the inner surface of a phosphored lamp from leaving the outer surface at high angles. If this calculation can be validated then it provides a physical justification for specifying a 8 s c n/2 for fluorescent lamps. Hence, for fluorescent lamps as well as other sources, detailed lamp data must be made available to develop luminaires that meet their full design potential.
